Sweet sorghum (Sorghum bicolor (L.) moench), a crop that is grown by subsistence farmers in Zimbabwe was used to extract silica gel in order to assess its possible use as a raw material for the production of silica-based products. The gel was prepared from sodium silicate extracted from sweet sorghum bagasse ash by sodium hydroxide leaching. Results show that maximum yield can be obtained at pH 5 and with 3 M sodium concentration. The silica gel prepared at optimum pH 5 had a bulk density of 0.5626 g/cm 3 and anestimated porosity of 71.87%. Silica gel aged over 10 h had improved moisture adsorption properties. X-ray fluorescence (XRF) determinations show that the silica content in the ash is 40.1%. Characterization of sweet sorghum ash and silica gels produced at pH 5, 7 and 8.5 by Fourier Transform Infrared spectroscopy gave absorption bands similar to those reported by other researchers.Transmission electron micrographs show that silica prepared under optimum conditions is amorphous and consisted of irregular particles. Sweet sorghum proved to be a potential low cost raw material for the production of silica gel.
INTRODUCTION
Silica gel is a non-toxic and inert inorganic polymer composed of amorphous silicon dioxide. It is characterized by a large surface area of up to 800 m 2 /g. This property and its ability to adsorb a number of compounds has been exploited in a number of ways especially in catalysis and sorbent technology. Silica has also been used as molecular sieves in petroleum refining, air separation and nuclear waste management, as stationary phase material in liquid chromatography and as reinforcement for rubber and plastic (Devi and Dhanalakshmi, 2012; Tongjian et al., 2009 ).
Silica gel is prepared commercially through acid precipitation from sodium silicate solution. The sodium silicate is prepared through high temperature reaction of quartz with soda ash. The main disadvantage of this approach is that it is energy intensive requiring temperatures of up to 1300°C and the silica product may contain heavy metal impurities making it unsuitable for certain applications where purity is crucial. Spherical silica gel particles can also be prepared through hydrolysis of Stoiber reagents such as tetraethoxysilane and tetramethoxysilane (Sing et al., 2011) . These reagents have been reported to be hazardous and are generally very expensive making them unsuitable for large scale production (Dorcheh and Abbasi, 2008) .
A number of researches have shown that silica gel can be extracted from plant waste (Worathanakul et al., 2009; Alayande et al., 2012) . Extraction from rice husk ashes has been widely reported (Prasad and Pandey, 2012) . Research has so far focused on the preparation of silica gels of various morphology e.g. nano particles, meso, macro and microporous particles (Noushad et al., 2012; Thuadaji and Nuntiya, 2008) . Another potential silica source is the sugarcane bagasse ash. Ugheoke and Mamat (2012) reported a new approach of preparing ordered and disordered silica gel particles from bagasse ash. A cation exchange method was used to extract silica from sugarcane.
Sorghum bicolor (L.) moench, better known as sweet sorghum is widely grown in sub-Saharan Africa as a subsistence crop under various climatic conditions. A number of researchers have investigated potential applications of sweet sorghum and these include biofuels and bio-ethanol production (Almodares and Hadi, 2009; Srinivasa et al., 2009; Nadir et al., 2009) . Sweet sorghum can also be a potential raw material for the production of syrups and jaggery (Nimbkar et al., 2006; Gnansounou et al., 2005) . The by-product bagasse can be used for firing plants such as in ethanol production. Just like sugarcane and other plants in the grass family, sorghum bicolor (L.) moenchis a silicon accumulator.Venkata et. al., 2012 found that sweet sorghum has a silica content of 5.48%. When produced in large quantities, sweet sorghum can therefore be a potential source of silica.
This research paper reports a new biobased approach of extracting silica from sweet sorghum bagasse ash. Sweet sorghum is a drought resistant crop that grows under various climatic conditions and growing it does not require special skills. Sweet sorghum bagasse ash is renewable since is derived from plant source.
METHODS

Materials and reagents
Sweet sorghum was harvested from Hippo Valley High School Garden near Chiredzi, in south eastern Zimbabwe. Chemical reagents used in this research were of analytical grade and these were sodium hydroxide (NaOH), hydrochloric acid (HCl) and ammonia (NH 3 ) obtained from Associated Chemical Enterprises (PTY) Ltd, Republic of South Africa.
Sampling and sample preparation
Mature sweet sorghum (SS) stalks were cut into smaller pieces and dried overnight at 110°C. The dried samples were ignited in a muffle furnace for three hours. The ash content of the whole plant was determined atignition temperatures of 200, 400, 600 and 800°C.
Preparation of silica gel
Silica gel extraction was adapted from methods reported in the literature with minor changes (Gnansounou et al., 2005; Venkata et al., 2012) . Five grams of sweet sorghum bagasse ash was leached for 30 min in 100 ml of 1 M HCl solution to remove heavy metals. The leached ash was washed with copious amounts of distilled water. This was followed by refluxing the ash suspended in 100 ml of 3 M NaOH for three hours. The resultant solution which predominantly contained sodium silicate was filtered off to remove any suspended solids. The clear solution was titrated with 3 M HCl until an optimum pH 5 whereby then silica gel would have started precipitating. The gel was allowed to age for 10 h. Silica gel was separated by centrifugation and washed until the aqueous part reacted negative to a chloride test. The experiments were repeated for pH 7 and 9 and aging times of 10, 18 and 48.
Characterization of silica gels
The bulk density and porosity were determined using reported methods by Kalapathy et al. (2002) and Adam et al. (2011) and calculated as follows:
( 1) Where  is the bulk density, M and V the mass and volume of silica gel respectively.
The porosity of the gel was estimated using the following equation:
(2) Where  Si is the bulk density of silica gel and  s the specific density of amorphous silica assumed to be 2.0 g/cm 3 (Adam et al., 2011) .
FTIR spectra of samples were recorded on a Thermo-Fisher Nicolet 600 FTIR instrument.The samples were prepared as KBr pellets. The composition of the ash and purity of extracted silica was determined using an XRF-spectrometer, Oxford X-Supreme 8000 with a tungsten X-ray tube and powder sample holder.The results are shown in Table 1 . A BrukerD2 phase XRD instruments equipped with Cu-Kα, powder sample holder, powder sample holder and LynxEye detector in the range 2 theta 10° to 65° was used to record diffractograms of the silica samples and the results are shown in Figure 5 . SEM images were recorded on a Jeol JSM 6510 instrument. Samples were prepared on a powder sample holder.
RESULTS AND DISCUSSION
The effect of temperature on ash content was investigated for the temperature range 200 to 800°C. At temperatures above 600°C, no significant changes in ash content were observed and 600°C was hence selected as the optimum ignition temperature. The effect of ignition temperature on ash content is shown on Figure 1 . The average ash content for the whole plant was found to be 5.6%. A similar value 5.48% was reported by other researchers (Alayande et al., 2012) .
Results of XRF analysis on the ash and silica prepared under optimum conditions are shown in Table 1 . The ash was found to have an average silica content of 40.16%. This shows that silica can commercially be extracted from sweet sorghum bagasse ash in processes where it is produced in large quantities as a waste product and adds value to the crop that is a potential raw material for bioethanol and syrups. An XRF spectrum of sweet sorghum ash is shown in Figure 2 . A small peak at 1.74 keV is typical of Si-k α and hence confirms the presence of Si in the ash. The spectrum shows that the ash contains fewer heavy metals or very low concentrations of heavy metals that can be leached out prior to extraction.
Silica gel yield was dependent upon the pH and decreased from pH 5 to 8.5. At pH outside this range no meaningful precipitation was observed. The silica gel prepared at optimum pH 5 had a bulk density of 0.5626 gcm 3 and an estimated porosity of 71.87%.
Water adsorption properties of silica gel prepared at pH 5 but at different aging times were determined. Silica gel that was aged for 10 hours had better moisture adsorption properties than any gel aged over longer periods of time.The results of selected aging times are shown in Table 2 . It can be assumed that the decrease in adsorption capacities is due to a decrease in surface area for gels aged over longer periods.
FTIR spectra of sweet sorghum bagasse ash and dried silica gel samples prepared at different pH are shown in Figure 3 . The strong absorption bands at 1044 cm -1 was observed in all the samples and was expectedly much stronger in silica gel samples than the ash. The absorption band is associated with asymmetric vibrations of the siloxane, Si-O-Si. The spectra also show absorption bands at about 800 cm -1 which corresponds to a stretching vibration of Si-O-Si. The weak absorption band at about 480 cm -1 is due to bending vibration of Si-O-Si. These Si-O-Si absorption bands are typical of silica gels and have also been observed by various researchers (Kalapathy et al., 2002; Essien et al., 2012; Nayak and Bera, 2009; Uzma et al., 2008 ).
An XRD diffractogram of sweet sorghum silica is shown in Figure 4 . This shows that silica gel particles werehighly amorphous and the other phase was to sodium salts trapped in the gel. Figure. 5 shows micrographs of sweet sorghum silica at magnification of 100x, 1000x and 4500x. The silica gel consist of irregular particles of nonuniform size ranging from 5 m to more than 100 m.
Conclusion
Sweet sorghum is an important agricultural crop from which a number of products can be derived. The main advantage of this crop is its ability to grow under different climatic conditions. This research was able to demonstrate that sweet sorghum bagasse ash, a waste product of heat energy generation in the production of bio-ethanol can be used for extraction of silica gel for various applications.
